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Charge, spin and lattice degrees of freedom are strongly entangled in iron superconductors. A neat
consequence of this entanglement is the behavior of the A1g As-phonon resonance in the different
polarization symmetries of Raman spectroscopy when undergoing the magneto-structural transition.
In this work we show that the observed behavior could be a direct consequence of the coupling of
the phonons with the electronic excitations in the anisotropic magnetic state. We discuss this
scenario within a five orbital tight-binding model coupled to phonons via the dependence of the
Slater-Koster parameters on the As position. We identify two qualitatively different channels of the
electron-phonon interaction: a geometrical one related to the Fe-As-Fe angle α and another one
associated with the modification upon As displacement of the Fe-As energy integrals pdσ and pdpi.
While both mechanisms result in a finite B1g response, the behavior of the phonon intensity in the
A1g and B1g Raman polarization geometries is qualitatively different when the coupling is driven by
the angle or by the energy integral dependence. We discuss our results in view of the experimental
reports.
PACS numbers: 74.70.Xa,63.20.Kd,74.25.nd,74.25.Kc
I. INTRODUCTION
There is ample experimental evidence that iron pnic-
tides present a rich interplay between charge, lattice and
magnetic degrees of freedom. The magnetic transition
is commonly accompanied by a structural one. Sev-
eral phononic spectroscopic signatures show unconven-
tional behavior in the magnetic state.1–8 At the the-
oretical level, ab-initio calculations show that the lat-
tice constants and the phonon frequencies depend sensi-
tively on the presence of magnetism,9,10 and the compar-
ison with experimental measurements is improved when
magnetism is included in the calculations.9,11–15 Further-
more, the electron-phonon coupling has been shown to be
enhanced by magnetism.10,11,16–20 Within this scenario,
the role of the spin degree of freedom in the electron-
phonon coupling and its possible relevance in the mecha-
nism of superconductivity has been emphasized in several
works.16,18,21,22
The electronic and magnetic properties are especially
sensitive to the height of the pnictogen atom, which
affects the band structure at the Fermi level,23,24 the
magnetic moment,9,16,21,25–27 and possibly the supercon-
ducting critical temperature and gap.28–31 Accordingly,
the A1g As-phonon, which involves vibrations of the As
atoms along the c-axis (see Fig. 1) seems to play a spe-
cial role. Coupling to this phonon has been detected
by ultrafast techniques.32–35 A rapid development of the
magnetic ordering upon the vibrational displacement of
the A1g As-phonon has been observed.
32 Features in the
ARPES spectrum of 11 compounds with an energy scale
close to the one of this phonon have been interpreted in
terms of polaron formation.36
Raman response represents a powerful tool for inves-
tigating the properties of lattice dynamics.1,3,5,8,37–43 A
significant narrowing of the A1g As-phonon linewidth at
the onset of magnetism has been reported, whereas both
softening and hardening of the phonon frequency with de-
creasing temperature have been observed.1,39,41 Crucial
information is also encoded in the intensity of the phonon
resonances. In the undistorted paramagnetic state, the
A1g As-phonon is active neither in the B1g nor in the B2g
polarization symmetries. When undergoing the magneto-
structural transition, a strong phonon signal emerges in
the B1g Raman response but not in B2g.
8,42 In 122 com-
pounds the A1g intensity shows a strong enhancement in
the magnetic state.1,3,8,42 On spite of this, in BaFe2As2
the B1g intensity is about 1.5 times larger than the A1g
intensity.8,42 This is not accounted for by the orthorhom-
bic distortion alone, in agreement with the small B1g
Raman intensity observed below the non-magnetic struc-
tural transition in FeSe.44
The aim of this paper is to analyze the unusual Raman
response and the changes on the phonon properties in the
magnetic state. We show that the dynamical electron-
phonon coupling can be responsible for large and uncon-
ventional anomalies in the phonon Raman spectrum. We
focus on the out-of-plane As lattice vibrations (the A1g
As-phonon) for which we explicitly calculate the electron-
phonon coupling within the context of a tight-binding
Slater-Koster formalism. The electron-phonon coupling
is formally split into two main qualitatively different con-
tributions: i) a purely geometrical one (gˆα), related to
the variation of the Fe-As-Fe angle α; and ii) a second
one (gˆpd) coming from the variation of the Slater-Koster
energy integrals pdσ and pdpi (see Ref. [24]) upon the
modulation of the Fe-As distance. We consider the (pi, 0)
magnetic state with magnetic moments ordered antiferro-
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2magnetically in the x direction and ferromagnetically in
the y direction. Magnetism is included at the mean-field
Hartree-Fock level,45,46 and we study separately its in-
terplay with the sources (i)-(ii) of the electron-phonon
interaction. The Raman response is evaluated in the
paramagnetic and in the (pi, 0) magnetic states using the
proper generalization of the charge-phonon theory47 dis-
cussed in Refs. [48,49].
Under generic conditions and excluding any static lat-
tice distortion, the coupling of the phonons with the elec-
tronic excitations in the magnetic phase is able by itself to
induce a Raman intensity in the B1g Raman polarization.
This is due to the symmetry breaking in the anisotropic
magnetic state. Only the electron-phonon coupling gˆα
accounts for the fact that the B1g Raman signal can be
larger than the A1g Raman signal, the latter strongly
decreasing in the magnetic state. A large enhancement
in A1g with magnetism appears when coupling electrons
and phonons via gˆpd. Based on symmetry considerations,
we argue that in the double stripe magnetic order of FeTe
the out-of-plane A1g vibrations of the Te atoms will show
finite Raman intensity only within the B2g polarization
set-up and not in the B1g one. With increasing inter-
actions the phonon frequency softens when entering into
the magnetic state but hardening is observed for the gˆpd
coupling for the largest values of the on-site electronic
interactions U considered.
II. THEORY
A. Model
The Hamiltonian we use to study the electron-phonon
coupling on the Fe superconductors has three terms
H = H0 +Hph +HU . (1)
H0 is the five Fe d-orbital tight-binding model for the
Fe-As planes, obtained after eliminating the As degree
of freedom and previously proposed in Ref. [24]. Hph
is the phonon part including the free phonon and the
electron-phonon interaction, and HU contains the elec-
tronic interactions. The one Fe unit cell is used with x
and y directions along the nearest neighbor Fe-Fe bonds.
In the following we describe in detail each of the terms
of the Hamiltonian.
a. Free electron part. The band structure of the sys-
tem is taken into account via the free electron term H0
H0 =
∑
k,µ,ν,σ,r
F rµν(k)t
r
µνc
†
kµσckνσ +
∑
i,µ,σ
µc
†
iµσciµσ , (2)
where c†kµσ creates an electron on the Fe d-orbital µ
with spin σ and wave vector k, and c†iµσ represents the
same operator in real space. F rµν(k) is the electronic
k-dispersion relation24 and µ is the crystal field. r la-
bels the three different directions for the hoppings trµν ,
FIG. 1: (Color online) Sketch of the lattice structure show-
ing the A1g As-phonon in iron arsenides. The Fe-Fe nearest
neighbor distance aFe, the Fe-As-Fe angle α, the Fe-As dis-
tance R and the As height with respect to the iron plane h
are indicated.
with different k-dispersions, taken into account: between
first neighbors in the x-direction, first neighbors in the y-
direction, and second neighbors.
Direct Fe-Fe hoppings between their d-orbitals and in-
direct through the As p-orbitals are considered. Indi-
rect hopping is included to second order in perturba-
tion theory.24 Within the Slater-Koster framework con-
sidered,50 the hopping parameters have explicit informa-
tion on the geometry of the pnictogen tetrahedra. These
parameters depend on α, the angle between the Fe-As
bond and the Fe plane (see Fig. 1) and on the energy
integrals. The direct Fe-Fe hoppings depend on the en-
ergy integrals ddσ, ddpi and ddδ between the Fe d-orbitals
while the indirect (through the As) Fe-Fe hoppings de-
pend on pdσ and pdpi between the Fe d-orbitals and the
As p-orbitals. These energy integrals are a function of
the relative distance between the constituent atoms. The
analytic expressions for all the hoppings trµν are given in
Ref. [24].
The energy integrals and crystal field µ parameters in
Eq. (2) are chosen to correctly describe the bands, their
orbital compositions, the Fermi surface, and the mod-
ification induced by α as provided by electronic struc-
ture calculations. Details are given in Ref. [24]. H0 has
tetragonal symmetry, i.e. the static orthorhombic distor-
tion found in the magnetic phase is not included in our
calculations.
b. Phonon part. Hph is given by
Hph =
∑
q
ωqa
†
qaq
+
∑
k,q,µ,ν,σ,M
gMµν(k,q)c
†
k+qµσckνσ
(
aq + a
†
−q
)
,(3)
where a†q creates a phonon in the A1g As-mode at wave
vector q, ωq is the phonon frequency and g
M
µν(k,q) the
electron-phonon matrix element between orbitals µ and
ν. M labels the type of interaction considered. The
vertical displacement of the As atoms δh (squeezing and
elongating the tetrahedra) gives rise to a modification of
α around the equilibrium position α0 and to a variation
of the energy integrals pdσ and pdpi (only the indirect
hoppings are affected by this phonon). The two inter-
action terms that arise are labelled gˆα and gˆpd, namely,
3M = α and M = pd respectively. In each of these cases,
the electron-phonon interaction may arise from the vari-
ation of the hopping trµν with phonon coordinates giv-
ing rise to non-local contributions, and from the varia-
tion of the crystal field µ resulting in local contributions:
gM = gM,loc + gM,non−loc.
The crystal field µ can be decomposed in a term which
includes the electrostatic interactions between the ions in
the system Coulµ and a contribution that depends on the
As orbital energies indµ . The dependence of 
Coul
µ on the
As position is beyond the scope of the present study and
is neglected here. We only consider the dependence of
indµ (see Appendix A).
The non-local part gˆα,non−loc involves the derivatives
of the hoppings with respect to α [straightforwardly cal-
culated from h, the distance between the As atoms and
the Fe plane, and aFe, the Fe-Fe nearest neighbor dis-
tance, as α = arctan(
√
2h/aFe), see Fig. 1] and a form
factor F˜ rµν(k,q) which depends on the symmetry of the
lattice and the orbitals. As we are here interested in the
Raman response, q = 0 and F˜ rµν(k,q) = F
r
µν(k). In the
orbital basis, the gˆα,non−loc electron-phonon coupling is
given by
gα,non−locµν (k) =
∑
r
F rµν(k)
∂trµν
∂α
δα , (4)
with δα = ∂α∂h δh and form factors F
r
µν(k) as in Eq. (2).
Analogously
gα,locµµ =
∂indµ
∂α
δα . (5)
This contribution to the interaction Hamiltonian appears
as a constant (non k-dependent) diagonal term.
gˆpd involves the derivatives of the hoppings with re-
spect to pdσ and pdpi. These integrals are a decaying
function of R, the distance between Fe and As atoms. R
is related to h as R = h/ sinα. We assume the R depen-
dence is the same for both pdσ and pdpi: pdσ = Cpdσf(R)
and pdpi = Cpdpif(R). If R0 is the Fe-As distance corre-
sponding to the equilibrium angle α0, pdσ0 = Cpdσf(R0)
and pdpi0 = Cpdpif(R0). Expanding around this equilib-
rium value pdσ = pdσ0
[
1 + 1f(R0)
∂f(R)
∂R δR
]
, and equiva-
lently for pdpi. Therefore, δpdσ = pdσ0
1
f(R0)
∂f(R)
∂R
∂R
∂h δh
and δpdpi = pdpi0
1
f(R0)
∂f(R)
∂R
∂R
∂h δh. Consequently, δpdpi =
pdpi0
pdσ0
δpdσ. Using these relations, in the orbital basis
gpd,non−locµν (k) =
∑
r
F rµν(k)δpdσ
(
∂trµν
∂pdσ
+
∂trµν
∂pdpi
pdpi0
pdσ0
)
,
(6)
gpd,locµµ = δpdσ
(
∂indµ
∂pdσ
+
∂indµ
∂pdpi
pdpi0
pdσ0
)
. (7)
Here we take f(R) = 1/R4. This dependence is valid
assuming the p and d orbitals are very localized and they
FIG. 2: (Color online) A1g, B1g and B2g Raman symmetries
for the Fe-As layer. We work in the one Fe unit cell with x
and y directions along the nearest neighbor Fe-Fe bonds.
only couple through plane-wave corrections to the atomic
state wave-functions.51 The pnictides have a strong co-
valent character that may invalidate the localization as-
sumption, hence this particular functional dependence
must be taken with caution. Therefore, a direct quan-
titative comparison between gˆα and gˆpd would not be
reliable, hence we present the results for the two electron-
phonon interactions separately.
c. Correlation part. HU includes the local interac-
tions (intraorbital U , Hund’s coupling JH and interor-
bital U ′ = U − 2JH) and is treated within Hartree-Fock
mean field approximation with focus on the (pi, 0) anti-
ferromagnetic state (see Refs. [45,46] for details). The
Hartree-Fock self-consistency includes the electronic de-
grees of freedom and not the phonons. The model with-
out phonons (H0 + HU ) has been previously used to
study the magnetic phase diagram as a function of U
and JH/U within a Hartree-Fock approximation.
45,46,52
With increasing U a metallic AF (pi, 0) state arises. For a
narrow range of values of U , the system can be described
as itinerant, but a strong orbital differentiation develops
for larger values of U .46 In the orbital differentiated re-
gion, the 3z2 − r2, x2 − y2 and zx orbitals are itinerant
while xy and yz are gapped at half-filling at the Fermi en-
ergy. These results are consistent with experimental53,54
and theoretical55–58 reports of different renormalization
values for the bands depending on their orbital charac-
ter. In our calculations,46 for JH/U = 0.25 the itinerant
region occurs for 1.45 eV< U < 1.7 eV and the orbital
differentiation for U > 1.7 eV.
B. Phonon-mediated Raman scattering theory
Raman scattering measures the total cross section of
the inelastic scattering of electrons
∂2σ
∂Ω∂ωS
= hr20
ωS
ωI
S(iΩ→ Ω + i0) (8)
4+
FIG. 3: Electronic Raman diagram (left) and phonon-
mediated Raman diagram (right). The wavy line is the pho-
ton propagator, the double wavy line is the phonon propaga-
tor. The circle stands for the Raman vertex and the square
for the electron-phonon interaction, either gˆα or gˆpd. The
electronic Raman diagram was studied in Ref. [59].
with ωI and ωS the frequency of the incident and the
scattered light respectively and r0 the Thomson radius.
The Raman intensity can be related to the imaginary
part of the Raman response function
Sλ(Ω) = −pi−1(1 + n(Ω, T ))Imχλ(Ω) (9)
with λ = B1g, B2g, A1g the symmetries of the squared lat-
tice point group depending on the incident and scattered
photon polarizations represented in Fig. 2. The symme-
tries are defined with the x and y axis along the Fe-Fe
nearest-neighbors, as in the Hamiltonian. This defini-
tion is different from the one used in some experimental
papers.8
Only non-resonant diagrams are included in the cal-
culation of the Raman response. To study the phonon
contribution we use the charge-phonon theory originally
proposed by M.J. Rice47 for the optical conductivity
and recently used48,49 to study the Raman response in
graphene. The Raman response includes the diagrams
shown in Fig. 3: the electronic bubble contribution χλel−el
(left) and the charge-phonon diagram ∆χλph (right),
χλ(Ω) = χλel−el(Ω) + ∆χ
λ
ph(Ω) . (10)
The electronic Raman response χλel−el was studied in
Ref. [59] and is not discussed in this work. Here we con-
centrate our attention on the phonon-mediated Raman
response that can be expressed as a sum on all electron-
phonon channels M,M ′: ∆χλph(Ω) =
∑
M,M ′ ∆χ
λ
ph,M,M ′ ,
∆χλph,M,M ′(Ω) = χ
λ
M (Ω)D0(Ω)χ
∗λ
M ′(Ω) , (11)
with D0(Ω) = D0(q = 0,Ω) the phonon propaga-
tor. To address separately the contribution of a single
electron-phonon channel we focus on the diagonal part
of ∆χλph,M,M ′ = ∆χ
λ
ph,M .
In the vicinity of the resonance we can approximate
D0(Ω) =
1
(Ω− Ω0) + iΓ0 . (12)
with Ω0 the phonon frequency and Γ0 the phonon scat-
tering rate.
χλM is a mixed response which includes both the
electron-phonon couplings gˆM defined in Eqs. (4)-(5) and
(6)-(7) and the Raman vertex γλ. The γλ vertices encode
information of the incident and scattered light, and the
point group symmetry of the squared lattice.60 In the
orbital basis they are given by:59
γ
B1g
µν (k) =
∂2µν(k)
∂k2x
− ∂
2µν(k)
∂k2y
, (13)
γ
B2g
µν (k) =
∂2µν(k)
∂kx∂ky
, (14)
γ
A1g
µν (k) =
∂2µν(k)
∂k2x
+
∂2µν(k)
∂k2y
. (15)
Separating real and imaginary parts χλM = χ
′λ
M + iχ
′′λ
M
χ′λM (Ω) =
1
V
∑
kσnn′
γλnn′(k)g
M∗
nn′ (k) (f(En(k))− f(En′(k)))
× ( Ω + En(k)− En′(k)
(En(k)− En′(k) + Ω)2 + η2
+
−Ω + En(k)− En′(k)
(En(k)− En′(k)− Ω)2 + η2 ) (16)
χ′′λM (Ω) = −
pi
V
∑
kσnn′
γλnn′(k)g
M∗
nn′ (k) (f(En(k))− f(En′(k)))
× (δ(Ω + En(k)− En′(k))− δ(−Ω + En(k)− En′(k)))
(17)
with δ functions broadened by η. Here V is the volume,
En, En′ label the energies of the bands n and n
′, f(E) is
the Fermi function, gMnn′(k) =
∑
µν a
∗
µn(k)g
M
µν(k)aνn′(k)
and γλnn′(k) =
∑
µν a
∗
µn(k)γ
λ
µν(k)aνn′(k) with aµn the
matrix which rotates between the orbital and the band
basis.59 The matrix elements gMnn′(k) and γ
λ
nn′(k) deter-
mine whether the phonon is Raman active.
∆χλph,M (Ω) can be rewriten as a function of the phonon
intensity IλM and the Fano factor q
λ
M [49]
Im∆χλph,M (Ω) = −IλM
(qλM )
2 − 1 + 2(Ω−Ω0Γ0 )qλM
(qλM )
2(1 + (Ω−Ω0Γ0 )
2)
(18)
with the intensity prefactor IλM and the Fano factor q
λ
M
given by
IλM =
(
χ′λM (Ω0)
)2
Γ0
, (19)
qλM = −
χ′λM (Ω0)
χ′′λM (Ω0)
. (20)
This formula will be used below to study the symmetry
dependence and intensity of the A1g As-phonon. If |qλM |
is large, the phonon signal acquires a symmetric shape.
If in Eq. (18) we replace Ω = Ω0, for q
λ
M  1 we find
Im∆χλph,M (Ω0) = −IλM . The Raman signal turns out
positive when replaced in Eq. (9).
5FIG. 4: Phonon self energy. The square stands for the elec-
tron phonon interaction: either gˆα or gˆpd.
C. Phonon self-energy
We study the q = 0 phonon self-energy contribution
ΠM (Ω) = Π
′
M (Ω) + iΠ
′′
M (Ω) arising from the coupling to
the electrons. The real part produces a hardening or soft-
ening of the phonon and the imaginary part contributes
to the phonon broadening. In the second order pertur-
bation theory approximation,61 (see Fig. 4) the phonon
self-energy can be expressed as a sum on all the electron-
phonon channels M,M ′: Π(Ω) =
∑
M,M ′ Π
λ
ph,M,M ′(Ω).
We consider only the diagonal part of the self-energy
ΠM (Ω) for which the real and imaginary part read
Π′M (Ω) =
1
V
∑
kσnn′
|gMnn′(k)|2 (f(En(k))− f(En′(k)))
× ( Ω + En(k)− En′(k)
(En(k)− En′(k) + Ω)2 + η2
+
−Ω + En(k)− En′(k)
(En(k)− En′(k)− Ω)2 + η2 ) (21)
Π′′M (Ω) = −
pi
V
∑
kσnn′
|gMnn′(k)|2(f(En(k))− f(En′(k))
× (δ(Ω + En(k)− En′(k))− δ(−Ω + En(k)− En′(k))) .
(22)
A small broadening η, which also enters in the δ func-
tions, has been introduced.
III. RESULTS
We have calculated the phonon contribution to the
Raman response and the correction to the phonon self-
energy induced by the electron-phonon coupling in the
paramagnetic and (pi, 0) antiferromagnetic states at zero
temperature. We study the A1g As-phonon and consider
the two electron-phonon couplings introduced in Section
II A, gˆα and gˆpd. We choose generic interactions to de-
scribe the iron pnictides, JH = 0.25U with U ranging
from the paramagnetic phase U < 1.45 eV, through the
itinerant magnetic phase 1.45 eV< U < 1.7 eV to the or-
bital differentiated region46 U > 1.7 eV. α0 = 35.3
◦ and
n = 6, corresponding to a regular tetrahedra and un-
doped pnictides, are considered unless otherwise stated.
We take δh = 0.02 A˚, and Ω0 = 20 meV and Γ0 = 1
meV for the phonon frequency and scattering rate (val-
ues are similar to the experimental ones1,39,41). Within
the Hartree-Fock approximation used here to include the
local interactions, the renormalization of the bands is
not properly accounted for. Comparison of ab-initio elec-
tronic structure calculations and ARPES measurements
render a factor of 3 for the renormalization of the bands.
Therefore once the ground state has been obtained, the
energy bands are divided by 3 to account for the renor-
malization observed in ARPES experiments62 and not
reproduced at the Hartree-Fock level.
A. Raman response
Fig. 5 is the main result of this work. It shows the
A1g and the B1g phonon Raman intensities due to the
couplings gˆα (left) and gˆpd (right). For both couplings
gˆM , the intensity I
A1g
M in the A1g polarization is finite in
both the paramagnetic and magnetic states while I
B1g
M
is finite only in the antiferromagnetic state. The B2g
phonon intensity, not shown, vanishes in all the range of
parameters.63 While H0 is tetragonal, this symmetry is
broken in the anisotropic (pi, 0) magnetic state. The x
and y directions become inequivalent due to the reorga-
nization of the electronic degrees of freedom. The B1g
signal is antisymmetric under the kx → ky rotation, see
Eq. (13), and it is sensitive to kx being non equivalent
to ky in the magnetic state. This sensitivity results in a
finite I
B1g
M . B2g, however, is antisymmetric under either
kx → −kx or ky → −ky, see Eq. (14). IB2gM is not sen-
sitive to the breaking of the tetragonal symmetry in the
(pi, 0) state and remains zero.
A strong change in the intensity is also observed in
the A1g Raman polarization when entering in the mag-
netic state. The Raman intensity I
A1g
M is related to the
real part of the mixed bubble at the phonon frequency
χ
′A1g
M (Ω0) via Eq. (19). χ
′A1g
M (Ω0), Kramers-Kro¨nig in-
tegral of χ
′′A1g
M (Ω0), is sensitive to the reorganization of
the electronic structure in the magnetic state, especially
close to the Fermi level, at energies comparable to Ω0.
The A1g and the B1g signals show a qualitatively dif-
ferent behavior for the two different electron-phonon cou-
plings considered: gˆα [Fig. 5(a)] and gˆpd [Fig. 5(b)]. In
the magnetic state, I
A1g
α decreases with respect to the
intensity in the paramagnetic state, while I
A1g
pd increases.
I
B1g
α increases in the magnetic state while I
B1g
pd shows a
bump as a function of U getting close to zero for U = 2
eV.
The non-local components of the electron-phonon in-
teractions, Eqs. (4) and (6), appear to dominate the qual-
itative behaviour of the Raman intensity. This can be
seen by comparing the total intensities in Fig. 5 with the
non-local terms of the mixed bubble χ′λM (Ω0) in Fig. 6
(IλM and χ
′λ
M are related by Eq. 19). The relevant fea-
tures shown in the solid lines of Fig. 6 mimic the curves
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FIG. 5: (Color online) A1g and B1g phonon Raman intensi-
ties versus the on-site interaction U for the electron-phonon
coupling gˆα (a) and gˆpd (b). Note that in the magnetic state,
gˆα for U > 1.8 eV shows a bigger B1g response than the A1g
one, while gˆpd gives a strong enhancement of the A1g polar-
ization signal. Inset in (b) Magnetic moment as a function of
the interaction U . JH/U = 0.25, Ω0 = 20 meV, δh = 0.02 A˚,
Γ0 = 1 meV, and η = 3 meV have been used.
in Fig. 5.
The non-local components χ′λMnon−loc(Ω0) result to be a
linear combination of the same k-dependent form factors
F rµν(k) in both M = α and M = pd phonon channels.
Therefore, for a given photon polarization, the difference
in the behaviour of χ′λM and I
λ
M should be ascribed to the
difference in the coefficients of the form factors. In order
to gain a deeper insight on this issue, we have further
decomposed χ′λMnon−loc(Ω0) into first and second nearest
neighbor contributions. In Fig. 6 we see that the different
behaviors observed in the Raman intensity in Fig. 5 for
the two electron-phonon couplings as a function of U are
partly a consequence of the fact that in some cases dif-
ferent contributions add up and in other cases subtract.
The Raman intensities are not just a simple function
of the magnetic moment (see inset in Fig. 5(b)). Non-
monotonic dependences in momentum are frequently
found, especially in the itinerant region. This becomes
also clear when comparing the spectrum corresponding
to different angles α0, electron filling n and interactions
(not shown). A change in the electron filling and Fe-As-
Fe angle induces changes in the band structure and in
the transitions at energies close to Ω0 and consequently
in the Raman spectrum.
The Fano factors qλM , not shown, corresponding to gˆ
α
and gˆpd are calculated using the expression in Eq. 20.
For gˆα and for both polarizations B1g and A1g, the Fano
factor is generally large and negative with values between
−40 and −30 for U ≥ 1.8 eV. For gˆpd the Fano factor is
even larger and still negative reaching around −40 just
for 1.8 ≤ U ≤ 1.9 eV in the B1g polarization. This Fano
factor corresponds to an almost symmetric Lorentzian
form of the Raman phonon peak. For smaller values of
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FIG. 6: (Color online) Real part of the non-local terms of
the mixed bubble χ′λM (Ω0): χ
′A1g
αnon−loc (a), χ
′A1g
pdnon−loc (b),
χ
′B1g
αnon−loc(c), χ
′B1g
pdnon−loc (d). These non-local terms appear
to dominate the qualitative behavior of the Raman intensity
shown in Fig. 5. (a) First and second nearest neighbor contri-
butions add up in the paramagnetic state but subtract in the
magnetic state while in (b) they almost cancel in the param-
agnetic state but add up in the magnetic state. As a result,
since IλM is proportional to χ
′λ
M squared, I
A1g
α decreases in
the magnetic state while I
A1g
pd increases (Fig. 5). (d) In the
magnetic state the contributions mostly add up but cancel at
high values of U for χ
′B1g
pdnon−loc which does not happen in (c),
explaining the behavior of I
B1g
M with U . Same parameters as
in Fig. 5.
U , qλM is strongly dependent on the parameters.
B. Phonon self-energy
Fig. 7 shows the contributions of the electron-phonon
couplings to the renormalization of the phonon fre-
quency and to the phonon scattering rate as a function
of U (see Section II C). To better visualize the varia-
tions of the phonon frequency and phonon broadening
when entering in the magnetic state, we plot ∆ΩM =
Π′M (Ω0, U) − Π′M (Ω0, U = 0) in Fig. 7 (a) and ∆ΓM =
ΓM (U)−ΓM (U = 0) = −(Π′′M (Ω0, U)−Π′′M (Ω0, U = 0))
in Fig. 7 (b).
When entering into the magnetic state (U ≥ 1.45 eV),
both ∆Ωα (black) and ∆Ωpd (red) are negative, resulting
in phonon softening. This non-intuitive behavior is linked
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FIG. 7: (Color online) Renormalization of the phonon fre-
quency ∆ΩM = Π
′
M (Ω0, U)−Π′M (Ω0, U = 0) (a) and phonon
broadening ∆ΓM = −(Π′′M (Ω0, U) − Π′′M (Ω0, U = 0) (b), for
the electron-phonon couplings gˆα and gˆpd. JH/U = 0.25,
Ω0 = 20 meV, δh = 0.02 A˚ and a δ-function broadening
η = 3 meV have been used.
to the multi-band character of the iron pnictides. Since
Π′M (Ω) is the Kramers-Kronig integral of Π
′′
M (Ω), the
softening is related to the spectral weight redistribution
from high energies (Ω > Ω0) to lower energies (Ω < Ω0)
when entering into the magnetic state. In one band mod-
els when a gap opens there is a shift of the spectral weight
to higher energies and hardening is expected. Due to
the multiorbital character of the iron superconductors,
the reorganization of the low-energy spectral weight is
non trivial and part of the spectra shifts closer to the
Fermi energy, see for example Fig. 3 in Ref. [59]. ∆Ωα is
negative in all the range of parameters studied. On the
contrary, the non-monotonic behavior of ∆Ωpd results in
hardening for U > 1.9 eV. The different behavior due to
gˆpd and gˆα couplings at large values of U is associated
with the different way in which the parameters |gMnn′ |2
weight the energy excitations around Ω0 in Eqs. (21) and
(22).
As shown in Fig. 7 (b), ∆Γα and ∆Γpd as a func-
tion of U are non-monotonic. They change consider-
ably when entering into the magnetic state. Narrowing
(broadening) of the phonon linewidth corresponds to neg-
ative (positive) ∆ΓM . The large peak at the onset of
magnetism at U = 1.45 eV is due to a particular band
structure reorganization and is not a robust feature for
other parameters. For larger interactions, the linewidth
shows non-monotonic behavior: with narrowing followed
by broadening.
IV. DISCUSSION AND COMPARISON TO
EXPERIMENTS
Here we discuss our results in comparison with exper-
iment. Note that we address the onset of the magnetic
state as a function of the interaction U at zero temper-
ature, while in an experiment the varying parameter is
the temperature and the interaction U remains constant.
Experimentally, the A1g As-phonon appears in the A1g
polarization symmetry in the paramagnetic state as a
small or non-identifiable peak,1,8,42,43 depending on the
compound. This peak is strongly enhanced in 122 com-
pounds when decreasing the temperature through the
magneto-structural transition.1,3,8,42 No phonon peak is
observed because of symmetry in the B1g polarization
geometry in the paramagnetic state whereas a phonon
anomaly clearly emerges in the magnetic phase.8,42,43,64
In BaFe2As2 the B1g instensity is larger than the one
corresponding to the A1g polarization symmetry.
8,42 No
peaks are observed in the B2g symmetry in either state.
Our calculations reproduce the appearance of a peak in
the B1g Raman polarization and not in the B2g one in the
anisotropic magnetic state without invoking the struc-
tural transition. As discussed in the previous section,
this is a consequence of symmetry and not specific to any
particular electron-phonon coupling. For the same reason
no Raman signal is obtained in any of these symmetries
B1g and B2g in the paramagnetic tetragonal state.
Whereas the appearance or not of an A1g As-phonon
peak in the different polarization geometries is quite sim-
ple, being dictated by pure group theory arguments, the
quantitative discussion of the relative intensities is trick-
ier. Each of the couplings here considered, gˆα and gˆpd,
accounts for one of the features observed experimentally
but none of them alone can explain both. The coupling
via gˆα results, for interactions U > 1.8 eV, in a larger
intensity in the B1g Raman polarization with respect to
the A1g one, as observed experimentally in BaFe2As2.
8,42
However, this behavior is accompanied by a reduction of
the maximum intensity in the A1g polarization symmetry
by an order of magnitude in the magnetic state. This is
at odds with the strong enhancement of the A1g peak in-
tensity experimentally observed in 122 compounds.1,3,8,42
An increase of A1g is observed with the coupling gˆ
pd but
with IA1g >> IB1g .
With the estimated couplings, gˆpd would dominate the
Raman response and IA1g > IB1g would be expected
(see Fig. 5). However, as discussed in Section II A, the
exact dependence of the energy integrals on the As posi-
tion f(R) is not known. The 1/R4 function used is valid
for localized orbitals and could strongly overestimate the
electron-phonon coupling in a covalent system such as the
iron pnictides. A more realistic functional dependence
f(R), with a slower dependence on R, or a difference in
the distance dependence of pdσ and pdpi could result in
a dominance of gˆα with IB1g > IA1g . However, note that
the relation between magnetization and the system geom-
etry resulting from LDA calculations,16 with an increase
of the magnetization for elongated tetrahedra, would be
consistent with a dominance of the pd-dependence on the
hoppings, while if they are modified according to the α-
dependence, the magnetization decreases (see Fig. 7 in
Ref. [46]).
Experimentally,8 the phonon lineshape of undoped
8compounds has been found to be strongly symmetric with
a Fano factor |q| bigger than 30. With electron doping
it acquires an asymmetric shape, with q ∼ −6.5. The
experimental result in undoped pnictides is in agreement
with the values of qM obtained above in the orbital dif-
ferentiation region. With electron doping we expect to
enter into the itinerant region, in which the Fano fac-
tor is extremely sensitive to parameters and no robust
prediction can be made.
Both hardening and softening of the A1g As-phonon
have been found in experiments when entering into the
magnetic state,1,39,41 with changes in the phonon fre-
quency of the order of 1−3 cm−1 with respect to the zero
temperature value. Both electron-phonon coupling and
phonon-phonon interaction are expected to contribute
to the frequency renormalization, but it is not obvious
how to separate the two contributions. Our calculations
report softening with frequency renormalizations of the
same order of magnitude as experimentally found, except
in the case of gˆpd coupling at large on-site interactions U
which shows hardening.
Raman experiments have also reported a narrowing
of the phonon linewidth which, depending on the ma-
terial, ranges from 1 to 3 cm−1 when undergoing a mag-
netic transition.1,39,41 For different on-site interactions,
our calculations show both narrowing and broadening,
but with a change in linewidth smaller than observed
experimentally. The largest values are associated with
the electron-phonon coupling channel gˆpd. The scatter-
ing rate is also very sensitive to the broadening parameter
η, related to the electron scattering rate which is reduced
in the magnetic state.
Our results show several features compatible with ex-
perimental reports but do not offer a completely satisfac-
tory description of the experiments. It is not clear to us
whether the discrepancies arise from the approximations
done in the calculations (Hartree-Fock description of in-
teractions and magnetism, neglection of the resonant Ra-
man diagrams, lack of a self-consistent treatment of mag-
netization and phonons on an equal footing, or the cou-
pling constants estimates) or whether electron-phonon
couplings beyond those discussed here should be consid-
ered. Some of these electron-phonon couplings are (a) the
dependence of the Coulombic crystal field Coulµ on the
As position, (b) the dependence of the electronic interac-
tion parameter U on the As-position due to the change
in the screening65 or (c) the spin-phonon coupling.5,21
V. SUMMARY
In summary, in this paper we have calculated the Ra-
man spectral properties of the optical out-of-plane As
lattice vibrations (the A1g As-phonon) in the paramag-
netic and in the (pi, 0) magnetic states of the iron pnic-
tides. Using a tight binding Hamiltonian24 based on the
Slater-Koster approach, we have identified two qualita-
tively different sources of electron-phonon coupling: one
related to the Fe-As-Fe angle α (gˆα), and one related to
the Fe-As energy integrals pdσ and pdpi (gˆpd). Both of
them contain a local (k independent) term and a non-local
(k dependent) term, associated with the phonon modula-
tion of the atomic Fe energy levels and with the effective
Fe-Fe hopping amplitudes, respectively. The magnetic
order has been taken into account by means of a mean-
field Hartree-Fock of the electronic Hamiltonian.45,46 The
Raman response of the A1g As-phonon has been calcu-
lated using a suitable generalization of the charge-phonon
theory47 to the Raman scattering.48,49
Our results indicate that a finite Raman intensity can
be observed in the magnetic state in the B1g but not in
the B2g polarization and it is a consequence of the cou-
pling of the phonons to an anisotropic electronic state
with non-equivalent x and y directions. Electron-phonon
coupling via gˆα can result in a Raman signal larger in the
B1g symmetry than in the A1g symmetry, as observed ex-
perimentally in BaFe2As2. On the other hand, with gˆ
α
coupling the A1g Raman intensity strongly decreases in
the magnetic state, contrary to the experimental results.
Coupling via gˆpd produces the opposite behavior: a very
large enhancement of the A1g intensity in the magnetic
state, which stays much larger than the B1g intensity in
all the range of parameters studied. Due to uncertain-
ties in the absolute values of the couplings, it is neither
possible to know the intensity resulting from the sum of
both gˆα and gˆpd nor to address careful comparison with
experiments.
For most values of the electronic interactions, the
electron-phonon coupling induces softening of the phonon
frequency in the magnetic state as compared to the para-
magnetic state. This behavior is ascribed to the multi-
orbital character of the iron superconductors. Hardening
is observed for large values of the interaction U when cou-
pling happens via gˆpd. Narrowing or broadening of the
phonon line can appear in the magnetic state depending
on the parameters.
With symmetry arguments similar to the ones used
above, a finite phonon intensity in the B1g symmetry
would be also expected in a nematic state66,67 in the ab-
sence of magnetism.68 We also predict that in the double
stripe magnetic state of FeTe, with non-equivalent diag-
onals, the out-of-plane A1g Te-phonon acquires a finite
Raman intensity in the B2g polarization geometry, but
not in the B1g symmetry. It would be interesting to ex-
plore these possibilities experimentally.
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9Appendix A
The local terms of the electron-phonon couplings gˆα,loc and gˆpd,loc are calculated from the derivatives of the crystal
field terms indµ corresponding to virtual Fe-As forth and back transitions, see Eqs. (5) and (7). The expressions for
these terms are calculated to second order in perturbation theory as detailed in Ref. [24] and are given here
indxy,xy =
1
|p − d|
[
1
2
cos2 α
(
4pdpi2(cos(2α)− 1)− 3pdσ2(cos(2α) + 1))] , (A1)
indyz,yz = 
ind
zx,zx =
1
|p − d|
[
pdpi2(cos(2α)− cos(4α)− 2) + 3
4
pdσ2(cos(4α)− 1)
]
, (A2)
ind3z2−r2,3z2−r2 =
1
|p − d|
[
3
2
pdpi2(cos(4α)− 1) + pdσ2(12 cos(2α)− 9 cos(4α)− 11)/8
]
, (A3)
indx2−y2,x2−y2 =
1
|p − d|
[−4pdpi2 cos2(α)] . (A4)
p and d are the onsite energies for the As p-orbitals and for the Fe d orbitals. α is the angle formed by the Fe-As
bond and the Fe-plane, see Fig. 1. pdσ and pdpi are the energy integrals with values pdσ2/(d − p) ≈ 1 eV and
pdpi/pdσ = −0.5 respectively.
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